Introduction
The transition from low (L-mode) to high (H-mode) state exists in various magnetic confinement fusion devices and has attracted strong interest in the fusion community in the effort to understand the dynamics of the L-H transition since it was discovered on ASDEX [1] .
The L-H transition is a transport bifurcation phenomenon and characterized by turbulence suppression, reduced transport levels, and steep gradients at plasma edge due to strong ExB shear layers. Two types of flows-mean flows generated by the mean pressure gradient and time varying flows driven by nonlinear interaction via turbulent stresses, called zonal flows-contribute to the L-H transition [2] [3] [4] [5] [6] [7] . With slowly increasing input power near H-mode power threshold, an intermediate, quasi-periodic state, called the I-phase, a limit cycle oscillation (LCO) or a dithering H-mode was observed [8] [9] [10] [11] [12] . By contrast, in the I-mode cases, the quasi-periodic state is not necessary [13] . In the I-phase, turbulence, zonal and mean flows couple with the pressure gradient [14] [15] . Zonal flows are generated by turbulent stresses when turbulence becomes sufficiently strong to overcome flow damping. Inversely the zonal flow shearing suppresses turbulence and subsequently the drive for zonal flow is depleted by a mean shearing resulting from the ion pressure gradient. The zonal flow, even if only occurring in a single burst [16] , can trigger the transition by regulating turbulence level and associated transport until the mean flow is high enough to suppress the remaining turbulence and sustain a steep pressure gradient. 3 However, the triggering physics, which is crucial for the International Thermonuclear Experimental Reactor (ITER) to access the H-mode, is still not fully understood. A clear key point is that the I-phase power threshold can play a role in the access to H-mode.
In the last decades, the L-H transition has been intensively studied. Using biased electrodes [17] and input heating power, the L-H transition has been realized successfully. The L-H transition induced by sawtooth heat pulses has also been studied [18] . Recently, the zonal flow's role as a trigger event or initiator has been detected during the I-phase or before the L-H transition in many devices [8] [9] .
However, the L-I transition, particularly the free I transition induced by a sawtooth heat pulse, has not been studied. The turbulent bursts during the I-phase have also not been reported. This is important, since the bursty character of the I-phase turbulence reveals aspects of the coupled zonal flow-turbulence dynamics.
In this paper, we report the first experimental evidence of LCOs triggered by sawtooth heat pulses in the HL-2A tokamak plasmas. As a heat pulse arrives at the edge plasmas and modulates edge gradients, the transition from L-mode to LCOs occurs. The statistical distribution of delay time shows that the L-I transition usually lags relative to sawtooth crashes by about 0.5ms. During the LCO, the turbulence become bursty, and the zonal flows and turbulence bursts all couple with the Da oscillations. The zonal flows mainly modulate the LCO turbulence in the frequency band of ~20-100 kHz while turbulence with frequency higher than 100 kHz is more energetic in I-phase than L-mode. The turbulence lifetime (defined as the atuo-correlation time of the ambient turbulence (AT)) also becomes bursty in the I-phase. In addition, the power transfer between zonal flows, including geodesic acoustic modes (GAMs) [19] [20] [21] , and turbulence are analyzed. This paper is arranged as follows. Section 2 presents the experimental setup. The experimental results, including the triggering of LCOs by sawtooth heat pulses, simulation of the L-I transitions, sheared flow decorrelation of turbulence, statistical characteristics of electric fluctuations, phase changes and power transfer, etc, are described in section 3. The last section gives a brief summary. 4 
Experimental setup
The experiments presented here were conducted in neutral-beam-injection (NBI) Figure 3 provides the probability distribution function (PDF) of the delay time for the L-I transitions with respect to sawooth crashes. Here, we count the delay time for more than 60 sawtooth crashes which lead L-I transitions. The most probable delay time between the sawtooth crashes and onset of the LCOs is found to be slightly less than ~1ms.
Experiment results

Triggering of LCOs by sawtooth heat pulses
2 Simulation of L-I transitions induced by heat pulses
The L-I transition triggered by heat pulses was simulated by using a 1D reduced model [12] . In this two predators (zonal flow and mean flow)-one prey (turbulence) model, the zonal flow was found to be an important player in the L-H transition. This is because the zonal flow mediates the transition and reduces the power threshold, relative to a model where the zonal flow is heavily damped. The zonal flows can store fluctuation energy without increasing transport, and thus allow the mean flow shear to increase, so the transition can develop. Figure 4 shows the simulation results for an L-I transition induced by a single heat pulse at t=2.0x10 5 (a/Cs). The LCO appears at t~2.1x10 5 (a/Cs) after the single pulse is induced. Once the LCO is excited it tends to be long-lived. In contrast, with a lower heat power, an intrinsic I-L back transition is 6 observed as shown in figure 5 . A heat pulse is induced at t=5x10 4 (a/Cs), after a while the LCO appears at t=6 x10 4 (a/Cs). However, the LCO damps slowly and the system returns to the L-mode finally. From this model, the observed LCO in the L-I-L experiments may be a damped oscillation of the zonal flow at lower heating power.
Sheared flow decorrelation of turbulence during limit cycle oscillations
The time evolutions of Dą signals, the turbulence intensity, turbulent decorrelation rate, B E  flow shearing rate of less than 3 kHz when the plasma stays in an I-phase are studied to understand the role of the sheared flows in regulating the turbulence in the LCO regime. However, the averaged root mean square amplitudes for the LCO turbulence in the frequency band of ~20-100 kHz are lower than that observed in the L-mode. In contrast, the averaged root mean square amplitudes of turbulence in the frequency band of 100-400 kHz during the LCO are higher than that of the L-mode. These suggest that the zonal flows mainly modulate turbulence in the frequency band of ~20-100 kHz but the LCO turbulence with frequency more than 100 kHz have more power than that of the L-mode. The power spectra of the floating potential fluctuations in the L-mode and I-phase plasmas are also studied and described in Figure 8 . During the L-mode, a peak in the frequency at ~12 kHz is the potential fluctuations associated with the tearing mode of m/n=4/1 [23, 24] . Here, the m and n are poloidal and toroidal mode numbers, respectively. After the plasma enters into I-phase, the MHD activity disappears, and the power of the zonal flows or fluctuations of frequency less than 10 kHz increase. The power of the turbulence with frequency higher than 20 kHz and less than 100 kHz during the L-mode is higher than that in the I-phase, but the power of turbulence with frequency higher than 100 kHz is lower in the L-mode plasmas. The results suggest that the intermediate range of frequencies loses energy to the zonal flow at the onset of I-phase [7] . The energy increase in the higher frequency fluctuations (>100kHz) during LCO could be attributed to the high frequency regime gaining the energy from the intermediate range of frequencies through nonlinear three wave coupling [7, 25] . Related to shearing, the power transfer between turbulence and zonal flows will be discussed in . Thus, the decrease of the turbulence lifetime and its burst during the LCO is because the increased zonal flow shearing rates decorrelate turbulent eddies.
5 Phase shifts between turbulence and zonal flows in L-mode and I-phase
The phase shifts among turbulence, zonal flows and Da signals in the L-mode are compared with those observed in the I-phase. Figure 10 V are the stress gradient, zonal flow velocity and perpendicular kinetic energy of the turbulence, respectively. As the energy transfer production reaches its peak, the absolute amplitudes of the zonal flows reach their maximum. At the same time, the rate of energy transfer also peaks. The result is consistent with the measurement which show that the power transfer is from the turbulence to the zonal flows. However, the cycle, phase relations, and theoretical expectations suggest a two-way transfer at different points of the cycle, but we do not know that from this analysis.
For comparison, the power transfer between turbulence and GAMs is also analyzed in Ohmic plasmas. Similar properties of the instantaneous energy transfer between turbulence and GAMs are also detected. Figure 12 gives (a) the GAM velocity, (b) the perpendicular kinetic energy of turbulence, (c) the turbulent Reynolds stresses, (d) GAM energy production (e), and the rate of energy transfer (f). The GAM is anti-phase correlated with the turbulence intensity and stresses. The GAM energy production frequency is double of the GAM frequency and the positive peaks correspond to the maximum or minimum of the GAM velocity. The rates of the 10 energy transfer are in-phase with the energy transfer production. The analyses indicate that the turbulent stresses also perform work on the GAM and the power transfer is from the turbulence to the GAM.
Summary
Limit cycle oscillations induced by sawtooth heat pulses are studied using multiple Langmuir probe arrays in the edge plasmas of the HL-2A tokamak for the first time. 
